Abstract-The spatial resolution of high-frequency ultrasound (HFU, >20 MHz) imaging systems is usually determined using wires perpendicular to the beam. Recently, two tissue-mimicking phantoms (TMPs) were developed to estimate three-dimensional (3-D) resolution. Each TMP consists of nine 1-cm-wide slabs of tissue-mimicking material containing randomly distributed anechoic spheres. All anechoic spheres in one slab have the same dimensions, and their diameter is increased from 0.1 mm in the first slab to 1.09 mm in the last. The scattering background for one set of slabs was fabricated using 3.5-μm glass beads; the second set used 6.4-μm glass beads. The ability of a HFU system to detect these spheres against a speckle background provides a realistic estimation of its 3-D spatial resolution. In the present study, these TMPs were used with HFU systems using single-element transducers, linear arrays, and annular arrays. The TMPs were immersed in water and each slab was scanned using two commercial imaging systems and a custom HFU system based on a 5-element annular array. The annular array had a nominal center frequency of 40 MHz, a focal length of 12 mm, and a total aperture of 6 mm. A synthetic-focusing algorithm was used to form images with an increased depth-of-field. The penetration depth was increased by using a linear-chirp signal spanning 15 to 65 MHz over 4 μs. Results obtained with the custom system were compared with those of the commercial systems (40-MHz probes) in terms of sphere detection, i.e., 3-D spatial resolution, and contrast-to-noise ratio (CNR). Resulting Bmode images indicated that only the linear-array transducer failed to clearly resolve the 0.2-mm spheres, which showed that the 3-D spatial resolution of the single-element and annulararray transducers was superior to that of the linear array. The single-element transducer could only detect these spheres over a narrow 1.5 mm depth-of-field, whereas the annular array was able to detect them to depths of at least 7 mm. For any size of the anechoic spheres, the annular array excited by a chirp-coded signal provided images of the highest contrast, with a maximum CNR of 1.8 at the focus, compared with 1.3 when using impulse excitation and 1.6 with the single-element transducer and linear array. This imaging configuration also provided CNRs above 1.2 over a wide depth range of 8 mm, whereas CNRs would quickly drop below 1 outside the focal zone of the other configurations.
I. Introduction H igh-frequency ultrasound (HFU, >20 MHz) scanners are widely used to image small-scale structures and detect anomalies in superficial tissues (e.g., skin, eye). The ability of an imaging system to detect objects of various sizes and echogenicities mostly depends on its spatial resolution, contrast resolution, and sensitivity. Imaging phantoms are commonly used to characterize these detection properties and to perform periodic quality-control tests because, unlike tissue [1] , they provide stable targets with known properties. The structure of a phantom (target size and arrangement) and the materials it is made of (target and background echogenicities) are usually tuned to characterize one particular property of an imaging system.
The spatial resolution of a transducer is commonly defined as the minimum separation distance at which two objects are individually resolved [2] . It is usually measured in three orthogonal directions using a phantom composed of a homogeneous and scatter-free medium that contains embedded fibers (or pair of fibers) perpendicular to the acoustic axis of the transducer [1] . although this measurement approach, adapted from radar, represents a useful means of characterizing spatial resolution in the ideal case, it is not particularly relevant for measurements in tissue, where targets are embedded in an acoustically scattering medium. Moreover, in real tissues, targets usually present lower echogenicity than embedded fibers.
To address these problems with fiber-based phantoms, tissue-mimicking (TM) phantoms (TMPs) consisting of a TM background material embedded with slightly hypo-or hyper-echogenic inclusions are normally used because they provide a better simulation of lesions in soft tissues. These phantoms are used to estimate the ability of a system to distinguish subtle echogenicity differences; this ability is commonly referred to as contrast resolution [3] . The embedded inclusions must be large relative to the beamwidth of the transducer so that their contrast-to-noise ratio (cnr) depends on speckle-size statistics rather than on the dimensions of the inclusion. Because the dimensions of a lesion (relative to the beamwidth of the transducer) have a significant influence on lesion detectability, it is useful to employ a TMP with varying inclusion sizes and echogenicities [4] .
Phantoms containing inclusions that have varying sizes and homogeneous high contrast relative to the background material (e.g., anechoic spheres) can be used to characterize what is sometimes also referred to as the contrast resolution of a system [3] . For this type of phantom, the detectability of the high-contrast inclusion is directly related to the beamwidth of the transducer. Using a contrast/ spatial-resolution phantom to study the dependence of lesion contrast on lesion size, smith et al. [5] showed that when contrast was greater than 4 dB relative to background, the detection ability of an ultrasound system was mainly dependent on its spatial resolution. Phantoms containing high-contrast inclusions have been frequently used to visually and numerically characterize the detection performance of different imaging systems. For example, a TMP containing anechoic cylinders was used in a recent study to calculate the resolution integral of an ultrasound scanner [6] . other types of phantoms consisting of anechoic spheres uniformly distributed in a TM background, like the Gammex 408 (Gammex Inc., Middleton, WI) or the Model 044 from cIrs (computerized Imaging reference systems Inc., norfolk, Va), are commercially available and are used as a tool to characterize the spatial resolution of imaging systems for a particular scattering medium. However, this characterization method is empirical and results can vary based on the settings of the scanner and the skills of the sonographer. To define a clear metric of system detection performance, Vilkomerson et al. [7] introduced the concept of cystic resolution, calculated from images of anechoic spheres embedded in a scattering material. This concept was further extended to simulation cases [8] , [9] , in which a transducer's ability to detect anechoic spheres could be predicted, after the characteristics of its acoustic beam had been defined.
High-contrast-inclusion phantoms are generally constructed with anechoic spheres as small as a few millimeters in diameter, which is sufficient for imaging systems working at frequencies below 10 MHz, but presents a problem for HFU systems that have sub-millimeter beamwidths. Here, we characterize three types of HFU scanners using a new generation of high-contrast-inclusion phantoms. The novel phantoms we used were fabricated by Madsen et al. [10] who developed a method for producing sufficiently small anechoic spheres, down to a 100 μm diameter, suitable for HFU. The phantoms were used to compare the detection abilities of three HFU scanners: two commercial imaging systems from Visualsonics (Visualsonics Inc., Toronto, on, canada): the Vevo 770 (single-element transducer), the Vevo 2100 (linear-array transducer), and a custom system, developed in-house, based on an annular array. The transducers from the three systems had similar central frequencies of ≈40 MHz and similar axial and lateral resolutions as measured using conventional fiber phantoms or beam-profiling techniques.
Because the detectability of an anechoic sphere is directly related to transducer beamwidth, the cnr of the anechoic sphere provides an indirect characterization of transducer spatial resolution in all directions simultaneously (3-d resolution). Therefore, we were able to compare the imaging performance of the three HFU systems by characterizing the minimum detectable sphere diameter and the depth range over which the spheres were resolved.
II. Methods

A. Tissue-Mimicking Phantoms
This study utilized two TMPs with identical structure that were fabricated by Madsen et al. [10] . Each of the phantoms was divided into nine tissue-mimicking-material slabs. The slabs were separated laterally by 6-mm-thick acrylic walls, immersed side-by-side in plain agarose, and covered by a 12-μm saran Wrap (sc Johnson, racine, WI) scanning window. Each slab was 1 cm thick and 3 cm wide and deep. The 1 × 3 cm top face was separated from the scanning window by a thin layer of agarose. The thickness of the agarose layer was fairly constant for one set of slabs (forming one phantom), but it could vary from a few micrometers to a few hundred micrometers from one phantom to another. The background material in each slab was made from an anechoic mixture of agarose, a preservative, and bovine milk into which glass beads were added to create an echogenic, TM medium. The mean diameter of the glass beads was 6.4 μm for phantom #1 and 3.5 μm for phantom #2. Within each phantom, eight of the slabs contained anechoic spheres made from the same anechoic mixture as the background medium (without glass beads), which ensured a fairly constant attenuation coefficient in all of the slabs. The attenuation coefficients were tuned to be at mid-range for artery wall and blood [12] . They were measured from 15 through 60 MHz using a throughtransmission method [13] and were approximately 0.68 and 0.62 dB/cm/MHz in the background material and in the spheres, respectively. a speed of sound of around 1540 m/s was measured in both materials using the same method. The last slab was left without spheres to serve as a reference to compare with the other slabs to estimate whether spheres were detected or not. anechoic spheres with diameters ranging from 0.1 to 1.09 mm were sieved out and poured into eight adjacent slabs with a volume concentration of about 6%. Each slab contained anechoic spheres of only one particular size that were randomly distributed in the TM material.
The phantoms were immersed in filtered and degassed water before imaging, so that the custom transducer could be positioned above the scanning window to avoid damaging the surface during mechanical scanning. The thin layer of agarose trapped between the slabs and the scanning window was negligible for phantom #2, but it was more than 500 μm thick for phantom #1. This layer was taken into account when determining the depth of the anechoic spheres into the TM material.
B. Annular Array and Synthetic Focusing
The annular array used in this study was fabricated through a similar process as that described in [14] . Briefly, the transducer was fabricated by bonding a piezopolymer film to an array pattern etched onto a copper-clad polyimide (ccP) film using a non-conductive epoxy. The resonator was a 9-μm copolymer film of poly(vinylidene fluoride-tetrafluoroethylene) [P(VdF-TrFE)] which provided a coupling coefficient k t = 0.3 [15] . The pattern was composed of 5 equalarea rings with 100-μm spacing between rings and a total aperture of 6 mm. The final transducer was geometrically focused at 12 mm. The characteristics of the transducer, summarized in Table I , were measured using a pulser/receiver (Panametrics 5900, olympus ndT, Waltham, Ma) and a quartz plate positioned at the focus [14] . a synthetic-focusing algorithm developed by Ketterling et al. [16] was used to shift the focus of the transducer along the axial direction through postprocessing of the data acquired from all transmit-receive pairs. To focus the array at a depth d on transmit (or receive), the time delay t n required for ring n of the array is approximately t n = [a n 2 (1/R − 1/d)]/2c, where R is the geometric focus, c is the speed of sound, and a n is the average radius of ring n [17] . The total round-trip delays t tot = t T + t r , with t T the delays on transmit and t r the delays on receive, were calculated for 25 transmit-receive pairs and applied to the acquired a-lines. The resulting signals were then summed to form an image with a focus at depth d. To increase the depth-of-field (doF) over a fixed axial span, d was shifted in 41 intervals of Δd ≈ 0.2 mm. The final composite image was formed by windowing the data at each focal depth and assembling the windowed data. If no delays were applied (t tot = 0 for all pairs), the resulting data would simulate a single-element transducer with the same geometric focus and total aperture as the annular array. The characteristics of the acoustic field obtained by synthetically focusing the annular array are summarized in the first row of Table II.
C. Chirp-Coded Excitation
a linear, chirp-coded excitation was used which spanned from f 1 = 15 MHz to f 2 = 65 MHz. The frequency band B = f 2 − f 1 was swept over a time T = 4 μs. The chirpcoded excitation can be described as
where w(t) is a 9% Tukey tapering window. a compression filter consisting of the time-reversed excitation chirp weighted by a chebyshev window was used, with a prescribed side lobe level of −80 dB. all these parameters were optimized for our applications through several simulations and measurements [18] . The time-bandwidth product TB of a non-tapered chirp is equal to the expected snr improvement compared with an impulse excitation [19] . an snr gain of 26 dB was expected from our values for T and B. However, because we used a Tukey window to limit compression axial side lobes [20] , which can drastically degrade image quality, a somewhat smaller snr gain was expected.
D. Data Acquisition With Custom System
The data-acquisition system consisted of three main components: motion control, acoustic excitation, and digital-signal acquisition. The motion-control component of the system employed 3 motorized translation stages (lal35, sMac, carlsbad, ca) with 1-μm resolution and was driven via a motion-control card (PXI-7534, national Instruments, austin, TX). The acoustic-excitation component consisted of an arbitrary-waveform generator (WW1281a, Tabor Electronics, Haifa, Israel), coupled to a broadband power amplifier with a 50 dB gain (EnI 350l, MKs Instruments, rochester, ny), which provided the chirp-coded signal described previously. custom software was developed using MaTlaB (The MathWorks, natick, Ma) and labVIEW (national Instruments) to design and download coded waveforms into the arbitrary-waveform generator. In addition, all our experiments were repeated using two different impulse excitations: one from a monocycle pulser (aVB2-Ta-ccVa, avtech Electrosystems ltd, ottawa, on, canada) and one from a gold-standard pulser-receiver unit (Panametrics 5900Pr, olympus ndT, Waltham, Ma). The scanning method and image formation for the monocycle excitations were the same as for the chirp-imaging method, except that no compression was performed. The excitation source was linked to each ring of the annular array by a multiplexer (PXI 40-834-001, Pickering Interfaces, Essex, UK) which automated the selection of the excited element. Each channel of the array had its own transmit/ receive circuit. The digital-signal-acquisition component of the system permitted simultaneous data acquisition from the 5 array elements using 3 PXI-based digitizer cards (PXI-5152, national Instruments) with 8-bit resolution and a 250 MHz sampling rate. To acquire the 25 transmit-receive pairs necessary to form a syntheticallyfocused B-mode image, the annular array made 5 passes across the scanned object; on each pass, one element was excited while the received rF signals were simultaneously digitized on all elements. received signals were amplified by 46 dB (aU-1313, Miteq Inc., Hauppauge, ny) before sampling. The voltage scale of the digitizers was set to 200 mV to optimize the resolution of the rF data while avoiding saturation of the signal echoed from the phantoms (only the echo from the front surface saturated the digitizers). The overall experimental system permitted automated scanning and data collection under the control of a custom labVIEW program. during mechanical scanning, the annular array was positioned around 9 mm above the surface of the phantom (Table III) such that the geometrical focus was located 3 mm inside the TMP, and the secondary reflection from the echogenic surface of the phantom was pushed 18 mm away from the transducer (i.e., 9 mm inside the TMP). The rF data sets of ten B-mode images, separated by 1 mm, were acquired in each slab. The configuration of the system was exactly the same for all experiments: the only difference was the excitation used, which was selected by simply connecting the desired generator to the input of the multiplexer. This resulted in the exact same plane being imaged when using the annular array with either an impulse or a chirp-coded excitation. Using round-trip measurements from a glass-plate reflector positioned at the focus of the transducer, the impulse and chirp-coded excitation sources were tuned so that the peak-to-peak amplitude of the received echo remained the same.
E. Commercial Systems
The TMPs were also imaged using Visualsonics Vevo 770 and Vevo 2100 scanners, which represent state-of-theart, real-time, high-resolution imaging systems commonly used by researchers in cardiovascular, cancer, neurobiology, and developmental biology areas [11] . These imaging platforms enable the use of various ultrasonic transducers, with central frequencies ranging from 10 to 60 MHz, which provide high-quality images with resolutions as small as 30 μm. The main difference between the two scanners is that the Vevo 770 is based on single-element transducers, whereas the newer Vevo 2100 is designed to drive linear arrays. Each system was used to acquire 5 non-overlapping images in each slab of the TMPs.
In the case of the Vevo 770 unit, a 40-MHz probe (rMV-704) consisting of a single-element transducer with a 3 mm aperture and a 6 mm focal distance (Table II) , was used. The transducer was mechanically scanned in a sectorial motion and was encased in a sealed water-filled chamber at the tip of the probe. The chamber scanning window was put in contact with the surface of the phantom (the distance between the transducer face and the surface of the TMP is detailed in Table III) , and sectorial B-mode images were acquired with a small scan angle of ±4.8°. The rF data were digitized by an external PcIbased card (acqiris dP310, agilent Technologies Inc., santa clara, ca) with 12-bit resolution and a 250 MHz sampling frequency, driven by custom labVIEW software. The voltage scale of the digitizers was set to 1 V to avoid saturation of the rF signal.
In the case of the Vevo 2100 unit, a 40-MHz lineararray transducer (Ms-550d), made of 256 elements focused at 4, 6, and 8 mm, was used. The tip of the probe was softly pressed against the surface of the phantom, such that the transducer elements were a few hundred micrometers away from the phantom (Table III) . The scanner's rF data-acquisition feature enabled exporting the B-mode images and saving the data in 32-bit Iq format. custom software (MaTlaB 7.10) was used to reconstruct the rF data with a sampling frequency of 250 MHz. The resulting axial resolution of the B-mode images is detailed in Table III .
F. Experiments
Experiments were performed to compare the performance of 5 different imaging configurations (single-ele- ment transducer, linear array, and annular array with 3 different excitations) in terms of penetration depth, cnr, and ability to detect small spheres in the phantoms. The data acquired with each configuration were processed to locate the anechoic spheres, define the regions of interest (roIs), calculate the cnrs, and plot them as a function of depth. The detection of the anechoic spheres was based on the comparison of the image of a sphere against the image of the background speckle at the same depth. For each image containing at least one sphere, a segmentation algorithm (MaTlaB 7.10) was first used to detect the spheres. Each image was processed using low-pass and non-linear filters to segment out the circular cavities of low echogenicity corresponding to the spheres. The filter thresholds were tuned so that the cavities whose diameter were too small (e.g., a 250-μm spot in a slab containing 530-μm spheres) were discarded, ensuring that all the spheres taken into account were scanned across their largest section.
The cnrs of the anechoic spheres were calculated in roIs defined as 125 × 125 μm square windows positioned at the center of the spheres. These dimensions were chosen larger than the lateral and axial resolution of the transducers (Table II) , but small enough to fit into the smallest spheres that were automatically detected (i.e., 300 μm). In the case of spheres smaller than 300 μm, the segmentation algorithm was not efficient in detecting the spheres and the corresponding images were manually processed. In the case of the annular array, three different configurations were used but, as explained previously, all data were acquired from identical locations inside the phantoms, such that the roIs had to be defined only once. The roIs were determined using chirp-encoded images because the increased penetration depth and snr [18] allowed us to identify spheres that would have been difficult to detect using impulse excitation.
To obtain the cnr of an anechoic sphere and numerically estimate the ability of the imaging systems to detect it against the speckle background, the mean amplitude of the envelope of the rF signal inside the roI, μ s , and its standard deviation, σ s , were calculated. comparing these values to those obtained from the background, μ b and σ b , provided an estimate of how well contrasted the spheres were. To make sure that the characteristics of the background were obtained from the speckle alone, they were calculated in an roI defined in the slab of the TMP devoid of spheres. Because of acoustic attenuation and diffraction in the TMP, and the evolution of beam properties as a function of depth (or axial position), the characteristics of the background were depth-dependent, such that the roIs in the anechoic sphere and in the background had to be defined at the same depth in the phantom (Fig.  1) . Because the characteristics of the speckle did not vary with lateral position, the roI defined in the background image was extended laterally to get rid of possible local heterogeneities and increase the precision of the measurement. In the case of the background image acquired with the Vevo 770 scanner, the roI was curved because of the sector motion of the transducer. once all the characteristics were measured, the cnr of the anechoic sphere against the background was calculated using
III. results
A. Anechoic Sphere CNRs
Figs. 2(a)-2(e) show an example of 530-μm spheres acquired with the three scanners in phantom #2. The images were processed to evaluate and compare the ability of the three imaging systems to detect the anechoic spheres at different depths in the phantoms. The axial position of the (passive) focus was marked with an arrow on the right side of the images. For better comparison, all images acquired with the three systems were displayed with an identical gray-scale color mapping, spanning from 0 to −55 dB, the maximum signal amplitude from the speckle (measured for each imaging configuration) being used as the 0 dB reference. The cnrs of the detected spheres were calculated and plotted for each case in Figs. 2(f)-2(j). These curves were obtained from all the 530-μm-diameter spheres automatically detected, and the cnrs of spheres located at neighboring depths were averaged. The maximum distance between the depths of spheres considered for averaging was 100 μm, which was close to the theoretical maximum axial resolution of the three systems. The maximum cnr that can be obtained at a given depth corresponds to a perfectly anechoic sphere, characterized by μ s = 0 and σ s = 0. With such characteristics, the echo-free sphere would appear as a homogeneous Fig. 1 . Image of (a) 400-μm diameter spheres acquired in phantom #2 and of (b) the background alone at the axial position in the slab without spheres, using the annular array excited by a chirp-coded signal. data are displayed in a decibel format with a 55-dB dynamic range. (a) an example of a square roI defined in one detected sphere, (b) the corresponding rectangular roI in the background which is used to calculate the cnr of the sphere.
black circle in the B-mode images. The highest cnrs, as a function of depth, were calculated for each configuration by replacing the actual spheres detected in the images with perfectly anechoic spheres [dashed-line curves in Figs. 2(f)-2(j) ]. a similar substitution was performed to estimate the lowest cnrs under which a sphere is no longer detectable [dotted-line curves in Figs. 2(f)-2(j)], by replacing the actual spheres with speckle. We observed that the actual cnrs reached a maximum value in the focal region of the transducer and decreased outside, especially with single-element focusing. The highest cnr (around 1.8) was obtained with the annular array excited by a chirp signal [ Fig. 2(f) ], which was higher than the best cnr of 1.6 obtained with the Vevo 770 [ Fig. 2(j) ] and Vevo 2100 [ Fig. 2(i) ] scanners. With an impulse excitation (avtech or Panametrics), the best cnr obtained with the custom system dropped to approximately 1.3 [Figs. 2(g) and 2(h)]. compared with the Vevo 770 and custom system without synthetic focusing, the Vevo 2100 scanner was able to sustain a fairly high cnr over a large depth range. nevertheless, the results obtained with the annular array using chirp imaging and synthetic focusing showed that the custom system was able to provide higher cnrs over a similar depth range [ Fig. 2(f) ].
The cnrs of the spheres from 300 to 1090 μm were calculated in phantom #2 for each imaging configuration and the results are shown in Fig. 3 (results obtained with the Panametrics pulser were nearly identical to those of the avtech pulser, as in Fig. 2 , and are not included in further results). The cnrs were plotted as a function of depth in the phantoms, which corresponded to the distance of the sphere from the top of the backscattering material. The overall evolution of cnrs as a function of depth was approximately the same in each case, independent of the size of the spheres. also, the amplitude of the maximum cnr standard deviation, detailed in Figs. 2(f)-2(j), was similar for all sphere sizes (<0.3) and was not included in Fig. 3 . However, some differences were observed between small and large spheres. For most cases, at a given depth, the larger the sphere the higher the cnr, but these differences were usually minimal at the focus. as the transducers' lateral resolution degraded outside the focal zones, more noise was present when imaging smaller spheres (especially those located in front of the focal zone because the backscatter signal levels were higher), leading to lower cnrs [ Figs. 3(c) and 3(d) ]. In the case of the Vevo 2100 system, the cnrs of the 300-μm spheres were lower even in the focal region of the transducer [ Fig.  3(c) ], which was likely due to the lower resolution in the elevation direction. such differences did not appear when using the annular array with synthetic focusing [Figs. 3(a)  and 3(b) ], because the difference in the level of noise in large spheres was only slightly lower than in small ones. However, this difference did exist when using an impulse excitation with the annular array. For this case, the backscatter signal level was lower than when using a chirp excitation and dropped off after around 5 mm of propagation in the scattering medium, resulting in higher cnrs for the largest spheres in the deep regions of the phantom [green curve in Fig. 3(b) ].
The cnrs of the 530-μm spheres in phantom #1 were also calculated and compared with those of phantom #2 in Fig. 4 . The background material of phantom #1 was made of glass beads nearly twice as large as that of phantom #2, but with half the concentration [10] . This resulted in higher backscatter amplitude from phantom #1 and allowed for the detection of deeper spheres [such as in Fig. 4(b1) compared with Fig. 4(b2) ]. The higher signal levels obtained from the scatterers of phantom #1 resulted in higher cnrs for the spheres located outside the focal zone of the transducers [ Fig. 4(f2) for instance]. The drawback was that, for the spheres located inside the transducers' focal zones, it created higher levels of noise (off-axis echoes) in phantom #1, resulting in less contrasted spheres and lower cnrs [Figs. 4(e)-4(h)] .
B. Detection of Small Spheres
slabs of the TMPs containing small anechoic spheres from 100 to 300 μm in diameter were used to estimate the detection capability of the different imaging systems (Fig. 5) . The purpose was to visually assess whether anechoic spheres of a given size could be distinguished from the speckle background. The B-mode images acquired in phantom #2 with the custom and commercial scanners Because of the coarser speckle pattern of phantom #1, it was more difficult to detect these spheres and none of the systems were able to clearly resolve them.
IV. discussion
A. Image Quality
The characteristics of the signals received from the anechoic spheres (i.e., noise) were compared with those of Fig. 2 . Images of 530-μm diameter spheres acquired using the annular array with (a1), (a2) chirp-coded excitation or with (b1), (b2) the avtech and (c1), (c2) Panametrics impulse generators. The axial position corresponded to the distance from the transducer. When no delays were applied to the elements of the annular array (a1)-(c1), a single geometrical focus was obtained, which was equivalent to the case of the single-element transducer (e1). By applying proper delays to the annular array, synthetically focused images (a2)-(c2) were obtained from the same data. In the case of the Vevo 2100, the beam was also focused at 6 mm (d1) or at 4, 6, and 8 mm (d2). The averaged cnrs and their maximum deviations were plotted for each configuration [solid lines in (f)-(j)]. Each point on the curve corresponds to the average cnr of spheres detected within 50 μm of that point. The minimum and maximum possible cnrs for the spheres, obtained by replacing the actual spheres by the background (speckle) or by perfectly anechoic spheres (perfect spheres), were also plotted [dotted and dashed lines in (f)-(j)]. all images are displayed with 55 dB of log-compressed gray scale. For each configuration, an arrow shows the geometric focus of the transducer. the speckle to estimate the quality of an image. In the case of the Vevo 770 system [ Fig. 4(h1) ], high cnrs of around 1.6 were obtained near the focus (for a theoretical maximum of approximately 1.9) with a steep decrease outside the focal zone because of the narrow doF of the single-element transducer. These values indicated that the single-element scanner was able to provide a high-quality image of a sphere located at the focus. similar results were observed in the case of the annular-array transducer with chirp excitation when synthetic focusing was not performed [ Fig. 4(e1) ], i.e., when the array was equivalent to a single element. Increasing the doF through synthetic focusing [ Fig. 4(e2) ] resulted in a significant increase of cnrs outside the geometric focal zone of the annular array, as the spheres were much better defined. The same behavior was obtained with impulse excitations [Figs.  4(f1) and 4(f2) ], but the maximum cnrs remained lower.
In the case of the Vevo 2100 system [Figs. 4(g1) and 4(g2)], the cnrs remained high (>1) over a large depth range, from around 2 to 8 mm inside the phantoms, with a maximum value of 1.6 at the central focus. compared with most of the other configurations, the cnrs obtained at far depths (>8 mm) were much higher, such that spheres beyond 8 mm inside the phantoms could still be detected [Figs. 4(c1) and 4(c2) ]. Using the annular array with synthetic focusing and chirp excitation [ Fig.  4(e2) ], we obtained even higher cnrs for spheres located over a wide depth range, from the surface down to 8 mm into the phantoms, with a maximum of around 1.8. From the overall flatness of the curve, one can assume that the cnrs would remain relatively high over at least a few more millimeters. This configuration provided the best results, gathering the advantages of high cnrs with a wide detection range and images with the highest quality [Figs. 4(a1) and 4(a2)].
The Vevo 2100 scanner also provided high-quality images, but it was limited by its low resolution in the elevation direction (as is normal for linear arrays), resulting in a significant loss of contrast when imaging spheres as small as 300 μm [ Fig. 3(c) ]. The spherically-focused transducers of the Vevo 770 unit and the custom system produced acoustic fields with axisymmetric geometry, which permitted a constant lateral resolution in all directions and minimized the spurious noise from neighboring scatterers when imaging an anechoic sphere. By optimizing the lateral resolution in all directions and at all depths through synthetic focusing, the annular-array system provided the best-quality images.
B. Transducer Resolution Cell
The level of signal picked up by a transducer from offaxis echogenic objects when imaging an anechoic sphere, and consequently the contrast of the sphere, is mainly dependent on the size of the transducer resolution cell compared with that of the sphere. The resolution cell of the different transducers used in this study can be compared through the analysis of the characteristics of the speckle patterns obtained when scanning the phantoms. The speckle patterns of the background material depend on the size and concentration of the glass bead scatterers. as described previously, the glass beads in phantom #2 were approximately half the size of those in phantom #1, and their weight concentration was 2.5 times higher [10] . as a consequence, the number of scatterers in the resolution cell of a transducer was around 20 times higher when imaging phantom #2 compared with phantom #1. When the number of scatterers within the resolution cell is large (>100) and the scattering structure is too fine to be resolved, the speckle pattern of the acquired image is considered fully developed (in that it is independent of the scattering phenomenon), and the statistics of the envelope of the echo signals correspond to that of a rayleigh distribution [21] . one property of this distribution is a constant ratio:
where μ rayl and σ rayl are its mean value and standard deviation, respectively [22] . In previous figures, the cnrs of the perfect spheres were only dependent on the statistics of the background speckle, such that a perfect anechoic sphere detected at any depth against fully-developed speckle would have a cnr of approximately 1.9 . To obtain such a speckle pattern experimentally, the first condition is that the resolution cell of the transducer must be large enough to enclose a sufficient number of scatterers, which means that assessing whether the speckle is fully devel- oped or not can provide information about the size of the resolution cell. The second condition is that the level of the envelope-detected rF signal must be high enough so that speckle statistics are predominant over that of noise. In the case of phantom #1, because of the lower number of glass beads per resolution cell, these two conditions could only be met when imaging with a single-element transducer (Vevo 770 and annular array without synthetic focusing) outside its focal zone [dashed blue line in Figs. 4(e1) and 4(h1)], where the dimensions of the acoustic beam were the largest. In the case of phantom #2, because of the smaller size and higher concentration of the scatterers, the first geometrical condition was easier to meet. When using the annular array with chirp excitation [Figs. 4(e1) and 4(e2)] and the Vevo 770 system [ Fig. 4(h1) ], both conditions were satisfied and rayleigh distribution statistics were obtained from the speckle (this assessment was verified, independently of cnr results, by the successful matching of the probability density function of the speckle data distribution with that of a rayleigh distribution), with a constant cnr around 1.9 for the perfectly anechoic spheres (dashed red lines). When the annular array is excited with an impulse signal [dashed red line in Fig. 4(f1) ], both conditions were satisfied near the focus, and even over a few additional millimeters when applying synthetic focusing [dashed red line in Fig. 4(f2)] . However, the level of the signal quickly dropped as depth increased, leading to high cnr values for the perfect spheres outside the focal zone [ Fig. 4(f1) ] or beyond 6 mm [ Fig. 4(f2) ]. similarly, a constant cnr of around 1.9 was obtained with the Vevo 2100 when scanning phantom #2 [dashed red line in Figs. 4(g1) and 4(g2) ], but not phantom #1 Fig. 4 . Images of 530-μm diameter spheres acquired in phantoms #1 (a1)-(d1) and #2 (a2)-(d2) using the custom annular array with (a1), (a2) chirp or (b1), (b2) avtech excitation, and the commercial (c1), (c2) Vevo 2100 and (d1), (d2) Vevo 770 scanners. These images have a 55-dB dynamic range and corresponded to the case of largest depth-of-field possible for each imaging system. The axial position of a sphere was referenced by its depth into the phantom, which was the distance from the surface of the background material. The cnrs of the 530-μm spheres were plotted [solid lines in (e)-(h)] with each point on each curve being the average cnr of all the spheres detected axially within 50 μm of that point. The averaged cnrs calculated in phantoms #1 (blue solid line) and #2 (red solid line) were compared in the case of a single (e1)-(h1) or multiple (e2)-(g2) focus, along with the corresponding values of cnrs obtained by replacing the spheres by the background (speckle, dotted line) or by perfectly anechoic spheres (perfect sphere, dashed line).
[dashed blue line in Figs. 4(g1) and 4(g2) ]. This implies that the resolution cell of the linear array, despite its lower resolution in the elevation direction, was not large enough to produce a fully-developed speckle. Beyond approximately 8 mm into the phantoms, the cnrs increased as the signal level became low compared with noise.
C. Estimation of 3-D Resolution
The spatial resolution of a transducer is measured in a homogeneous and scatterer-free medium such as water. In practice, this measurement does not directly provide an estimation of the size of the smallest object that can be detected in attenuating and scattering media, as potentially achieved through the use of TMPs. Previous results showed that only the custom system with chirp-coded excitation and the Vevo 770 scanner were able to detect the 200-μm anechoic spheres, which means that those systems provided a better 3-d resolution (limited to the focal zone in the case of the Vevo 770). again, this common advantage comes from the axisymmetrical geometry of the acoustic beam, which is optimal to resolve small spherical objects. a more precise estimation of the smallest detectable object would require that the diameter of the spheres was continuously decreased until they could no longer be resolved, which would require more complex phantoms. compared with the common measurements of transducer resolution (Table II) , the previous results provided a more realistic estimation of the smallest structure that could be resolved in vivo by each system. For instance, in the case of mouse-embryo imaging, they showed that the custom system should be able to provide more detailed images of small structures such as brain ventricles and heart chambers.
The images acquired in phantom #1 [Figs. 5(a5)-5(d5)] showed that the size of the scatterers had a significant effect on the speckle pattern and the detectability of the anechoic spheres. The 200-μm spheres, which were clearly detected with the Vevo 770 and the annular array with chirp excitation, could hardly be distinguished from the coarser speckle pattern of phantom #1. Thus, phantom #2 would be preferred when comparing the 3-d resolution of different systems, because its smaller scatterers would better mimic in vivo tissues, and it would provide more precise results when estimating 3-d resolution.
V. conclusion
The TMPs provided an efficient method to evaluate the detection abilities and 3-d resolution of HFU systems, and could become a useful training tool for HFU technicians. It showed that the best performance was obtained with an annular array when compared with a single-element or linear-array transducer, which was due to the axisymmetric geometry of the annular array's acoustic field, providing a high resolution in all lateral directions. The B-mode images of 530-μm anechoic spheres and the corresponding cnrs showed that the custom annular-array system provided the best detection ability over a depth range of at least 7 to 8 mm. compared with the Vevo 2100 linear array, the axisymmetric radiation pattern of the 5-element annular array (and the Vevo 770 single-element transducer) allowed for higher spatial resolution in all lateral directions and enabled the detection of anechoic spheres as small as 200-μm in phantom #2. Using a synthetic-focusing algorithm with a chirp-coded excitation, the annular array maintained a high spatial resolution at all depths in the image and was able to detect the 200-μm spheres at any location down to 7 mm into phantom #2.
Further work, such as replacing the echogenic scanning window of the phantom with an anechoic material to avoid perturbations caused by secondary reflections of the front surface, is under way by Madsen et al. to improve the design of the TMPs. This will allow deeper scanning into the phantoms with the annular-array system and will permit an estimate of the maximum penetration depth obtained with chirp imaging. 
